On the basis of the theory of wave transmission lines, an improved method is described which permits the determination of the complex propagation coefficient of arteries from the Fourier components of natural pressure pulses. This coefficient is composed of the damping constant (a) and the phase constant (/?). In the arterial system, there is always a superposition of forward-and backwardtraveling waves, the interrelationship of which is not known to the investigators. Therefore, we have to deal with an additional unknown, and at least three independent measurements are necessary. Previous methods required recordings of three or four variables, such as pressure, flow, and/or diameter. In the new procedure, only two recordings of pressure are needed. This is made possible by occluding the artery directly behind the distal measuring point so that total positive reflection occurs and a defined relationship between forward and backward waves is brought about. This method is applied in the common carotid arteries of nine dogs. By the additional recording of the arterial diameter by means of a photoelectric device, the characteristic impedance (Z) is also determined. For the frequency range of 1.25-12 Hz, a was found to increase from 0.003 to 0.01 Neper/cm, and /J from 0.02 to 0.1 radian/cm. The phase velocity was 9-11 m/sec. The modulus of Z was between 7,000 and 12,000 CGS units and dropped slightly with increasing frequency. The results are compared with those of other authors, and the accuracy of the various methods is discussed. Cine Res
THE TRANSMISSldN and the pressure-to-flow ratio of the Fourier components of periodic pulse waves in arteries can be described by means of two complex quantities, the propagation coefficient and the characteristic impedance (Attinger, 1964; McDonald, 1974; Wetterer and Kenner, 1968) . The propagation coefficient (y) describes the travel of unidirectional sinusoidal waves with respect to the spatial change of phase (phase constant /?) and the spatial decrease in amplitude (damping constant «):
(1) where j = >/-1. The propagation velocity can be calculated from /? and the angular frequency (w) of the respective harmonic components and is called "true phase velocity" (c p h):
The characteristic impedance (Z) is defined as the quotient of the local pressure and the local flow 
The four quantities on the left in Equation 1 and 3-5 are interrelated in such a way that from any two of them the other two can be calculated, for example: y = sfcM (6) Z = VzT^.
If the waves are propagated in only one direction, the determination of y and Z can be carried out in a simple manner. For example, the propagation coefficient y of a uniform arterial segment of the length L can be determined by simultaneous pressure recordings at the beginning of the segment (point 1 where the waves enter) and at its end (point 2 where the waves leave), using the formula: exp(yL) =Pi/P 2 .
Pi and P 2 are the complex amplitudes of pressure at the respective points. The determination of Z requires an additional recording of arterial diameter (for calculation of A) or of flow. All in all, three simultaneous recordings are necessary for the determination of y and Z.
In the natural circulation, however, the pulse waves are reflected at multiple sites, so that there is always a superposition of forward-and backwardtraveling waves. Since the sites and coefficients of the reflections are not known, no definite relationship between forward and backward waves can be indicated. Therefore, y cannot be determined in a simple manner such as that expressed by Equation 8. Only in those cases in which the wave reflections are minimized is an approximative determination of y possible in the simple manner. This is discussed below.
Since the relationship between the forward and the backward waves is not known, the number of unknowns is increased by one as compared with the case of unidirectional waves. Thus the determination of y requires three recordings and that of Z an additional recording, so that a total of four simultaneous recordings are needed for the determination of y and Z. A combined determination of y and Z from four simultaneous recordings is also possible.
Various workers have met these requirements in different ways. In 1959, Taylor suggested a "threepoint method" for the determination of y. Along the arterial segment examined, the pressure is recorded at three equidistant points. McDonald and Gessner (1968) applied this method to arteries of the dog. In 1971, Cox employed another approach. Using the femoral artery of the dog, he recorded the pressure at a given point and the differential pressure between this and another point. The flow was recorded midway between them, and the arterial diameter at the first point. From these four simultaneous recordings, the information necessary for the combined determination of y and Z can be obtained. Finally, in 1975, Milnor and Nichols employed yet a third method. Pressure and flow were recorded simultaneously at each of two points and a combined detennination of y and Z was performed on the basis of the four recordings. The theoretical principles underlying these methods are described below.
As shown in the theoretical section, the super-position of forward and backward waves gives rise to a particular difficulty. Due to this superposition, the differences between the values of pressure or flow recorded at the measuring points are smaller than they would be in the case of unidirectional waves. This reduces the accuracy of the determination of y. In the case of three simultaneous pressure recordings, a delicate adjustment of the sensitivities of three manometers is required. The difficulties inherent in the adjustment of the measuring systems are greater still when simultaneous recordings of flow are employed, mainly because the accuracy of the flowmeters (cf. Milnor and Nichols, 1975) is inferior to that of the pressure transducers available today (see Methods). In consequence, for the determination of y, recordings of pressures alone should be preferred to a combination of recordings of pressure and flow. A further improvement is possible only by reducing the number of simultaneous recordings needed for the determination of y, since the adjustment of the sensitivities of two measuring systems is obviously subject to smaller errors than that of three systems. For this purpose, we use the following procedure. The pressure is recorded at the beginning and end of the arterial segment to be examined. Immediately distal to the pressure transducer located at the end of the segment, the artery is occluded during the measurements so that total positive wave reflection occurs at this point and a well-defined relationship between forward-and backward-traveling waves is obtained. In this way, the number of unknowns is reduced by one, and only two simultaneous recordings of pressure are needed. The additional recording of the diameter permits the determination of Z so that, altogether, three simultaneous recordings are required for the determination of y and Z.
The method of clamping a tube or artery at a distal measuring point as a means for the determination of propagation properties was, in principle, already recognized by Hardung (1962) and described in more detail by Gessner and Bergel (1966) . However, experimental determinations of y were not carried out by these authors.
Theory
The superposition of forward and backward waves results in a summation of the wave pressures. If P(x) is the complex amplitude of pressure at point x, and Pf and Pb are the complex amplitudes of the forward and backward wave pressures at the point x = 0, we have:
For the application of this equation, some essential conditions must be adequately met. At a given frequency, the relationship between blood pressure and internal cross-sectional area of the vessel must be linear within the range of the pulse pressure, and the arterial segment examined must be homogeneous throughout its length. Only under these two conditions are the exponential functions of Equations 8 and 9 justified. A further condition is that the propagation constant, and also the characteristic impedance, be independent of the direction of the wave travel. Attention has recently been drawn again to these fundamental prerequisites by Milnor and Nichols (1975) .
The formula used in Taylor's "three-pointmethod" can be derived from Equation 9 written for three values of x, for example in the following manner Xi = -L, x 2 = 0, and X3 = +L, where L is the distance between two adjacent points. From these three equations one obtains:
where Pi, P2, and P3 are the complex pressure amplitudes recorded at the three points. The determination of Z would require a fourth recording, for example that of the arterial diameter. The method applied by Cox (1971) is based on the separate determinations of z\ and Zt according to Equations 4 and 5b from which y can be calculated by means of Equation 6. For the practical application of Equation 4, finite differences in pressure and length were used in place of the differentials. Thus /? was calculated from one recording of the pressure difference between the beginning and the end of the arterial segment examined, one recording of flow, one recording of pressure, and one of arterial diameter. These four recordings were also used for the determination of Z by means of Equation 7.
The method introduced by Milnor and Nichols (1975) made possible the simultaneous determination of y and Z by means of recordings of pressure and flow at the beginning and at the end of the arterial segment examined. Thus this method also requires four independent recordings.
As pointed out above, we are using an improved method, by which y is determined from only two recordings of pressure ( Fig. 1 ). This is achieved by temporarily occluding the artery directly at the distal measuring point (point 2) so that total positive reflection occurs. The other pressure recording is performed at point 1 at a distance L proximal to point 2. If Pf is the complex pressure of the forward wave at point 1, the wave has the pressure Pf • exp(-yL) at point 2. When this wave is totally reflected at point 2 and then passes point 1 in a backward direction, its pressure is Pf • exp(-2yL). Thus the sum of pressures at point 1 is
At point 2, the pressure is doubled owing to the L p site of r 2 occlusion FIGURE 1 Schematic diagram of the occlusion method applied to a homogeneous segment of an artery in vivo. Determination of the propagation coefficient (y) from only two pressure recordings (Pi, Pi) at points 1 and 2. Artery occluded immediately distal to point 2. Additional recording of arterial diameter (D) at point 1 for determination of the characteristic impedance (Z). L = distance between measuring points. For further explanation, see text.
total positive reflection:
From these two equations we obtain:
cosh Y L = P,/P 2 = 1 + (P. -P2VP2. (13) A corresponding formula was already given by Gessner and Bergel (1966) . For the determination of Z, we use the additional recording of arterial diameter at point 1. According to Equation 5b, we have: z, = Pi/( jwA). A is calculated from the diameter and the wall thickness. It follows from Equations 6 and 7 that Z -= yzt -yPiAjwA).
All in all, y and Z are determined from three simultaneous recordings.
In principle, the occlusion method can be modified by varying some of the recorded parameters. For example, the flow (instead of the diameter) can be recorded at point 1.
As a second variation, the diameters (instead of the pressures) can be recorded at points 1 and 2 and Y calculated from Equation 13 inserting the areas Ai and A 2 instead of the respective pressures. The determination of Z would require the additional recording of the pressure at point 1. In practice, this procedure would be problematic, since the diameter would have to be recorded very near to an occlusion site.
Furthermore, y and Z can be determined with only one manometer and one flowmeter placed at the same point. In this case, two subsequent recordings are necessary. During the first recording, the artery is occluded at a distance L from the measuring point; during the second recording, it is occluded at a distance 2L from the same measuring point. The artery must be homogeneous over the length 2L and maintain its mechanical properties during the course of the two recordings. However, since the accuracy of the pressure measurement is superior to that of the flow measurement, the only reasonable version of the occlusion method is the use of two recordings of pressure and one of diameter as described above.
Methods
The experiments were performed on nine mongrel dogs (weighing 20-30 kg) under sodium-thiopental anesthesia. Following an initial intravenous administration of 20 mg/kg, additional doses were given as required. The measurements were carried out on the common carotid artery which was exposed at two sites about 10 cm apart. The arterial segment between the two sites was left in its surrounding tissue. At the proximal measuring site, the artery was freed from adherent tissue by careful preparation over a length of about 3 cm. A cathetertip manometer (Millar PC 340) was introduced into the carotid from the femoral artery via the aorta and advanced until the manometer membrane was located at the exposed proximal site. A similar preparation was carried out at the distal site where the pressure was recorded by another catheter-tip manometer (Millar PC 350 A) introduced through the superior thyroid artery. The distance between the two manometer membranes was about 10 cm. Over this length, the artery was homogeneous and free of side branches. The mode of insertion of the two manometers was chosen so as to avoid any restriction of the lumen of the arterial segment by an indwelling catheter.
The bridge circuits of the manometers were fed from a high-stablized voltage source and the pressure signals were amplified by low-noise, precision amplifiers (AD 605L). The frequency response of the manometer-amplifier system is far superior to that required for accurate recording of arterial pulses. The cut-off frequency (-3 dB) is about 2 kHz. Up to 200 Hz, the time lag is about 0.2 msec and the noise amplitude corresponds to less than 0.001 mm Hg.
The occlusion of the artery at the distal site was achieved in different ways. Since total positive reflection immediately distal to the manometer membrane is a prerequisite for the determination of y by this method, the closed end of the artery had to be rigid and the manometer membrane had to be located as close as possible to the point of occlusion. In the first occlusion method, we used a hollow cylinder, divided longitudinally, the two halves of which were applied firmly to the artery. The bore of the cylinder was just wide enough to ensure that the intravascular catheter of the pressure transducer and the arterial wall were tightly pressed together. At one end, the bore was widened conically, thus providing firm support for the arterial wall immediately proximal to the occlusion. The second occlusion method involved wrapping a loop of thick flexible plastic cord around the artery, thus pressing the arterial wall against the catheter. This loop also gave firm support to the arterial walL The third occlusion method was used in a number of the experiments as a check on the other two methods. A rigid plastic cylinder, the outside diameter of which equaled the inside diameter of the artery, was inserted into the vessel through an incision and fixed by a ligature very near to its end. The cylinder had an axial bore matched to the diameter of the catheter. The latter was introduced through the bore. Although the third method certainly fulfills the conditions of total positive reflection in the most perfect way, comparison experiments carried out with this and the other two occlusion methods did not yield any noticeable differences in the results. Therefore we later gave preference to the simpler loop procedure. The length L (see Fig. 1 and Equation 13) was measured as the distance between the midpoints of the two manometer membranes.
The arterial diameter was recorded by means of a contact-free photoelectric device located exactly at the site of the membrane of the proximal manometer. The resolving power of this gauge is about 1 fim and its frequency response is flat up to 200 Hz with a frequency-independent time delay of about 0.2 msec (Wetterer et al., 1977) .
The calibration of the two manometers was carried out in vitro and in situ. For the in vitro calibration, a precision aneroid manometer was used. The most important point is the accurate measurement of the oscillatory pressure difference (Pi -P2), which requires an in situ comparison of the sensitivities. For this purpose, the proximal manometer was displaced distally so that its membrane was positioned exactly at the side of the membrane of the distal manometer, and the natural pressure pulses were then recorded. In this way, the least differences in sensitivity could be detected and taken into account when the recordings were evaluated. This procedure was performed before and after the recordings from which y and Z were evaluated. For the in situ calibration of the diameterrecording device, see Wetterer et al. (1977) . To calculate the internal cross-sectional area of the artery from the recorded outside diameter, the wall thickness was determined at the end of each experiment. For this purpose, the in situ length of the proximal exposed part of the artery was marked. This part was then excised and a cylindrical cannula was introduced which dilated the artery almost to the previous in situ diameter. The wall volume of the cannulated artery was calculated from its outside diameter, the distance between the marks, and the outside diameter of the cannula. From this volume, which was regarded as constant, the wall thickness of the artery under in situ conditions was VOL.44, No. 5, MAY 1979 obtained. At normal blood pressure, it was 13-15% of the internal radius.
The recorded data were stored on analog magnetic tape (Bell & Howell VR 3200) and processed, after analog-digital conversion (Hewlett-Packard 5610A), by a digital computer (HP 2100A). The sampling interval was 2.5 msec. Fourier analysis of the pressure and diameter recordings and calculation of y and Z were carried out up to the 10th harmonic. Usually the first five to seven harmonics were utilized. The finally resulting noise of the pressure and diameter recordings was caused mainly by the magnetic tape.
Results
In Figure 2 , the results of the determinations of a, ft, c P h, and Z obtained in a 22-kg dog are shown for the first seven harmonics. As compared with our other experimental animals, the heart rate was relatively low (1.25 Hz). Immediately following an initial series of pulse recordings at a mean pressure of 142 mm Hg, the pressure rose spontaneously to a mean of 154 mm Hg, so that measurements could be performed at two different pressure levels. The heart rate remained virtually unchanged. As is to be expected, there is a systematic increase of /? from the lower to the higher harmonics; c P h rises from the first to the second harmonic and then shows only little variation. There is also a clear dependence of Cph on the mean pressure. In the range of the first three harmonics, c P h is increased by 8.5-10% at the higher pressure level. The relative standard deviation (SD) of the values of /? and c p h is 4-10%.
The damping constant a significantly increases from the first to the fifth harmonic. Its values are greater at the lower than at the higher pressure level. The course of a beyond the fifth harmonic is no more reliable, as is discussed below. The small values at the sixth harmonic are not seen in the results found in the other dogs. The numerical values of a are only one-third (first harmonic) to one-seventh (fifth harmonic) of those of /?, while the SD is about the same for a and /?. Therefore the relative SD is far greater in the case of a. The phase angle of y is +70 to 80°.
According to Equation 5b, | Zt | systematically decreases with increasing frequency. The phase angles of Zt, which are not shown in Figure 2 , are -80°t o almost -90° in the range of the first five harmonics.
The modulus of Z is about 7000 CGS units and shows a small decrease with rising frequency. The relative SD is about 8%. The phase angles of Z are about -10 to -20°. For the sake of clarity, the values of | Zt | and Z are shown only for the lower pressure level, since those of the higher level are close to the former; | Zt | is slightly smaller and | Z | slightly greater at the higher pressure level.
The results obtained in another dog, which are shown in Figure 3 , represent the mean values of four recording series with four independent pairs of manometer calibrations. It is obvious that under these conditions the SD must be greater than in Figure 2 . The mean heart rate is 2.85 Hz so that the whole frequency range is elevated as compared with that of the previous experiment. Accordingly, the increase in the phase velocity in the range of the low harmonics is much smaller than in Figure 2 . The courses of the other magnitudes are essentially the same in the two dogs.
The results described in Figures 2 and 3 are representative of all the experiments carried out on nine dogs. In principle, all magnitudes determined exhibit the same dependence on frequency, although their absolute values differ for the various animals, mainly due to differences in age, body weight, heart rate, mean blood pressure, and vasomotor tone. For this reason, we believe that the presentation of the average values determined for all nine animals would not be meaningful. 
Discussion
As already mentioned, the superposition of waves traveling in opposite directions involves a fundamental difficulty in the determination of y. The differences between the signals obtained at the measuring points are far smaller than they would be in the case of unidirectional waves. This can be demonstrated by a simple consideration based on Equations 8, 13, and 10. As a practical example, we assume a =» 3 • 10~3 Neper/cm and /? = 0.01 radian/ cm, which is very close to the respective values of the first harmonic in Figure 2 . Let the segment length be 10 cm. For unidirectional waves, Equation 8 yields the modulus | P!/P 2 1 = 1.0305 and the phase angle -5.7°. If | P 2 1 is 15 mm Hg, the difference between the pressure moduli at the two points is 0.44 mm Hg, which can be determined without any great difficulty. The same applies to the phase angle. This favorable case, however, is not realized in the natural arterial system, in which reflections occur even under conditions of strong vasodilation. Therefore, one must always apply a method which takes into account forward as well as backward waves.
In the case of the occlusion method, we obtain from Equation 13, with the same yL as before, the modulus |Pi/P 2 | = 0.99545 and 1 -| P,/P 2 1 = 0.00455. This corresponds to a difference between the two pressure moduli of about 0.068 mm Hg if | P 2 1 = 15 mm Hg. The phase angle of P1/P2 is 0.173°. These small values make very high demands on the accuracy of the pressure-recording systems and their calibration.
The requirements of accuracy are even more exacting when the "three-point method" (Taylor, 1959) is used, because the segment is divided into halves and three pressure recordings have to be performed. With the same y as before, L -5 cm, and using Equation 10, we have the modulus |(Pi + P 3 )/(2P 2 )| = 0.99886 and, as complement to unity, 0.00114. This corresponds to about 0.017 mm Hg if I P 2 1 = 15 mm Hg. The phase angle is 0.043°. These values are only one-quarter of those obtained by the occlusion method, so that the three-point method requires an accuracy that is four times as great.
These difficulties arise from the fact that the consideration of superimposed forward and backward waves necessarily leads to formulas in which the linear terms of the exponential functions (and also the higher odd terms) are canceled out, and only the even terms remain. The mathematical expression of this behavior is the hyperbolic cosine. For the low harmonics, the right side of the abovementioned equations must be close to unity and the deviation from unity from which y is calculated is virtually equal to (yL) 2 /2. The drawback of the three-point method is not only the necessity of using three recording systems, but also the division of the segment length into two parts so that (yL) 2 is reduced to one-quarter of its greatest possible value.
Although y of the higher harmonics is greater (this is due mainly to the increase in yS), the accuracy of measurement is not increased since the pressure amplitudes become smaller. At the fifth and higher harmonics, they may be so small that the differences between the pressure amplitudes at the measuring points are often not much above the noise level. This explains the fact that in particular the values of a sometimes show a rather irregular behavior above the fourth harmonic.
In the determination of y based on Equation 6, Equation 5b, and a modified version of Equation 4 (Cox, 1971) , one also has to deal with those difficulties which are due to the superposition of forward and backward waves. In addition to one recording of pressure and one of a pressure difference, flow and diameter also have to be recorded; this requires the accurate calibration of four measuring instruments.
The method initiated by Milnor and Nichols (1975) also requires the recording of four parameters. In this case, in addition to the quotient of two pressures, that of two flows is needed for the determination of y. Although the modulus of the flow quotient is not so close to unity as that of the pressure quotient, the determination of the flow quotient is impaired by the minor accuracy of the flow measurements.
For a comparison of our results with those ob-tained by previous authors, we would like to discuss first the values found by Moritz and Anliker (1974) in exposed canine carotids by artificially induced short trains of pressure waves superimposed on the natural pressure pulses. The frequencies of the oscillations were 25-100 Hz so that the effect of backward waves could practically be neglected. In the range of 25-40 Hz, the phase velocity was about 11 m/sec and the damping, expressed as logarithm of the attenuation per wavelength, was 1.1. Provided that this damping-frequency relation is valid in the range below 25 Hz, too, we obtain a = 0.001 Neper/ cm per Hz which is close to the a-frequency relations shown in Figures 2 and 3 . Using the three-point method, McDonald and Gessner (1968) determined the phase velocity and damping in two canine carotid arteries in situ. The phase velocity was found to increase from the first to the third harmonic from about 6 to 9 m/sec, whereas, in our results, the increase in the range of the low harmonics is far less steep. The values of the damping constant a, taken from the values of transmission per 10 cm, were generally 3-4 times those found in our experiments.
We know of no further attempts to determine the propagation coefficient in the carotid artery. Experiments performed by McDonald and Gessner (1968) in the canine thoracic and abdominal aorta seem to be problematic owing to the inhomogeneity caused by geometric taper and side branches of these vessels. In contrast, the femoral artery of the dog provides a fairly homogeneous segment, although it is shorter than that available from the carotid artery. For this reason, after a number of initial experiments carried out on the dog femoral artery, we decided in favor of the carotid. Cox (1971) determined, in canine femoral arteries, the phase velocity and characteristic impedance. Although the absolute values were different from those we obtained in the carotid, the frequency dependence of c ph and Z was very similar to that of our results. The phase angles of Z were slightly more negative than ours. Milnor and Nichols (1975) gave averages of the values of a, /?, and Z for each of the first six harmonics determined in the femoral arteries of 11 dogs. The phase velocity, as calculated from /?, showed relatively large fluctuations, but no systematic dependence on frequency. The damping constant a increased systematically from the second to the higher harmonics, while the a-value of the first harmonic was higher than that of the second.
Its numerical value was almost equal to the respective value of /?, so that the phase angle of y was about 45°, in contrast to the phase angles of the second to fourth harmonics, which were 60-70°. The modulus of Z showed a relatively stronger decrease with increasing frequency than that reported by Cox for the femoral artery, and that seen in our results obtained in the carotid. The phase angle of Z was somewhat less negative than that reported by Cox (1971) and similar to that found in our experiments.
If we survey all the methods making use of natural pulses for the determination of y, it can be seen that in every case one is working not far above (sometimes even below) the limits of the resolving power of the measuring systems. From this fact we may conclude that preference should be given to a method requiring a minimum number of parameters to be measured. We therefore believe that the occlusion method represents an improvement, since the number of measurements has been reduced to two, and only measurements of pressure are used which provide, at the present state of technical development, the greatest possible accuracy.
